ABSTRACT Most kinetic measurements of the partial reactions of Na+,K+-ATPase have been conducted on enzyme from mammalian kidney. Here we present a kinetic model that is based on the available equilibrium and kinetic parameters of purified kidney enzyme, and allows predictions of its steady-state turnover and pump current in intact cells as a function of ion and ATP concentrations and the membrane voltage. Using this model, we calculated the expected dependence of the pump current on voltage and extracellular Na+ concentration. The simulations indicate a lower voltage dependence at negative potentials of the kidney enzyme in comparison with heart muscle Na+,K+-ATPase, in agreement with experimental results. The voltage dependence is enhanced at high extracellular Na+ concentrations . This effect can be explained by a voltage-dependent depopulation of extracellular K+ ion binding sites on the E2P state and an increase in the proportion of enzyme in the E1 P(Na+h state in the steady state. This causes a decrease in the effective rate constant for occlusion of K+ by the E2P state and hence a drdp in turnover. Around a membrane potential of zero, negligible voltage dependence is observed because the voltage-independent E2(K I b -+ E1 + 2K+ transition is the major rate-determining step.
INTRODUCTION
The Na+,K+-ATPase is a crucial enzyme in animal physiology. It is responsible for maintaining Na+ and K+ electrochemical potential gradients across the plasma membranes of all multicellular animal species. These gradients are essential for the maintenance of cell volume and for a variety of physiological processes, including nerve, muscle, and kidney function .
The mechanism of the enzyme's complete reaction cycle is generally described by the Albers-Post formalism. A simplified version of this cycle is shown in Fig. 1 . Much information has been gathered. on the kinetics of the partial reactions of this cycle. However, this information was gained from studies of a small number of purified enzy me systems. This is because, in comparison with ion channels, individual ion pumps such as the Na+,K+-ATPase produce a relatively low ion flux across the membrane. Therefore, measurements of ion pump activity, particularly pru1ial reactions, have been limited to tissues in which the Na+,K+-ATPase naturally occurs at a very high level of expression. By far the most commonly studied source of Na+,K+-ATPase has been mammalian kidney, for which J(lJrgensen (1,2) developed a purification procedure in the 1970s. Of course, investigators have gained a great amount of valuable information regarding the transport modes of Na + ,K+-ATPase from ion flux measurements cruTied out using red blood cells or resealed red cell ghosts (3, 4) . However, as pointed out by Kaplan (5) , the low expression level of the enzy me in human red blood cells (-250 copies per cell) limits the scope of partial-reaction kinetic studies in this system. *Corresponde nce: r.clarke @chem.usyd .edu.au Editor: Robert Nakamoto.
In a less complicated world, kinetic and thermodynamic data obtained from studies of Na+,K+-ATPase in one animal species or one tissue would be valid for all other sp ecies and tissues. Unfortunately for the researcher, thi s seems not to be the case. Recently, it was shown that Na+,K+-ATPase from pig kidney is significantly more thermally stable than that derived from shark rectal gland (6) , and that the two enzymes display significant differences in their kinetics, i.e., different rate-determining steps (7) . This is despite the fact that these two enzymes have very similar amino acid sequences and three-dimensional structures (8) (9) (10) . The amino acid sequences of the a-subunits of both enzy mes show 87% identity. In the case of the smaller (3-and 'Y-subunits, the sequence identities are 66% and 23%, respective ly (6) . Via experiments in which both enzymes were independently reconstituted into synthetic lipid vesicles, Hansen et al. (6) recently showed that that the bulk properti es of the lipid membrane ru'e not responsible for the difference in the thermal stabilities of pig a nd shark enzymes, and they suggested that it may be due to relative ly few differences in the enzyme's overall sequence.
In this work, we compare the Na+,K+-ATPases of mammalian heart and kidney. It has already been established that the kin etics of a related enzyme, the sarcoplasmi c reticulum Ca2+ -ATPase, differ significantly between skeletal muscle and heart muscle (II). It has been shown that in skeletal muscle, ion pumping is stimulated by ATP binding to an allosteric site on a phosphorylated form of the enzyme, whereas in cardi ac muscle ATP accelerates ion pumping by binding to a nonphosphorylated form of the enzy me. If such major differences occur in the Ca 2 + -ATPase mechanism between different ti ssues, the Na+,K+-ATPase may also display signifi cant di ffe rences . Therien and Blostein (12) reported in 1999 that the Na+,K+-ATPase of heart CD E2P
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FIGURE I Simplified representation of the Albers-Post scheme describing the Na +, K+-ATPase catalytic cycle.
Step I: Bind ing of three Na+ ions from the cytoplasm, phosphorylation by ATP, and occlusion of Na+ within the protein .
Step 2: Conformational change of the phosphorylated protein releasing the Na+ ions to the extracellular medium.
Step 3: Binding of two K+ ions from the extracellular medium, occlusion of K+ within the protein, and dephosphorylation.
Step 4: Conformational change of the un phosphorylated protein releasing K+ ions to the cytoplasm.
tissue possesses a somewhat higher degree of K+/Na + antagonism at its cytoplasmic face in comparison with the Na+,K+-ATPase of kidney, i.e., K+ more effectively competes with Na+ for binding to the EI state in the heart. However, this may not be the only difference. Gadsby and Nakao (13) also reported that the maximum turnover rate of the Na +,K+ -ATPase in heart muscle cells is only about half that of Na+,K+ -ATPase from kidney at a similar temperature. Significant kinetic differences also exist between the Na+,K+-ATPase of kidney and that of red blood cells. For example, at O°C the Na +,K+ -ATPase phosphoenzyme of red blood cells is insensitive to the addition of K+ ions and is rapidly dephosphorylated by ADP, whereas at higher temperatures it is dephosphorylated by both K+ and ADP (14, 15) . This difference in behavior at different temperatures is not observed in the kidney enzyme (16-18). Because of the large amount of data that have been gathered on the partial reactions of the kidney enzyme, it is now possible to reconstruct the kinetics of its entire reaction cycle and make predictions regarding its steady-state behavior under different experimental conditions. Here, we present a mathematical model that allows such predictions, and we compare the predictions of the kidney-based model with experimental results obtained for the Na+,K+-ATPase in heart muscle cells via the whole-cell patch-clamp technique. For this comparison, we concentrated on two wellestablished observations made on heart muscle cells: the significant inhibition of pump current by inside-negative membrane potentials (13) , and the significant inhibition of pump current by high concentrations of extracellular Na+ (up to 150 mM) observed at negative holding potentials (19) . Our comparison indicates that there could well be significant differences in the kinetic behavior of heart and kidney Na+,K+-ATPase, in particular with respect to their voltage dependence. These differences are most likely due to the different levels of expression of isoforms of the Na+,K+-ATPase's major catalytic a-subunit. In t he kidney enzyme, the at isoform constitutes > 99% of the expression of the a-subunit (20) ; however, results from Gao et al. (21) indicate that in cardiac myocytes the at subunit is expressed to 82%, with 18% of the a-subunits being expressed as the a2 isoform .
MATERIALS AND METHODS

Pump current simulations
We performed computer simu lations of the steady-state pump current observed experimenta lly via the whole-cell patch-clamp teChnique using the commercially available program Berkeley Madonna 8.0 and the variable step-size Rosenbrock integration method for stiff systems of differential equations. The simulations yielded the time course of the concentration of each enzyme intermediate involved and the outward current (i.e., the number of elementary charges transported per pump molecule per second). For the purposes of simulations of the steady-state current, each enzyme intermedi ate was normalized to a unitary concentration and the e nzyme was Hrbitrarily assumed to be totally in the E l state initially. Each simulation was then carried out until the distribution between the different enzyme states no longer changed and the outward current reached a constant value.
In simulations of transient kinetic data, before simu lating the time cuurse of the CUiTent transients caused by any sudden change in the experimental conditions (e.g. , Na+ concentrution or membrane voltage), we calculated the initial steady-state distribution of the enzyme between the El, EIP(Na+h, E2P, and E2(K+h states by performing a simulation, as described in the previous paragraph, in which the enzyme was assumed to be totally in the El state initially. The simulation was carried out until the distribution between the various enzyme states no longer changed. This distribution was then used as a starting condition for the simulation of concentration-jump or voltage-jump experiments.
RESULTS
Kinetic model
Under experimental conditions in which inorganic phosphate and ADP are absent, the complex Albers-Post cycle describing the partial reactions of Na+,K+-ATPase can be reduced to the simpler four-state model shown in Fig. I . Here, E I P(Na +h and E2(K+h represent occluded states of the protein, i.e., states in which the respective ions are enclosed within the protein and have no direct access to either the cytoplasm or the extracellular fluid. Tn contrast, E I and E2P represent states in which the ion-binding sites have access to the cytoplasm and the extracellular fluid, respectively. In the case of the occluded states, EIP(Na+h and E2(K+h, no exchange of the occluded ions with either the cytoplasm or the extracellular fluid is possible. However, in the case of the nonoccluded states, we assume that rapid exchange of Na+ and K+ between the binding sites and either the cytoplasm or the extracellular fluid can occur. Thus, in the case of the E2P state, we assume that there is a rapid exchange of Na+ ions and K+ ions between the extracellular fluid and two of the ion transport binding sites. It has been well established that the stoichiometry of th e Na+,K+-ATPase is 3Na+/2K+/ATP. Therefore, one of the ion-binding sites is considered to be completely specific for Na+, whereas Na+ or K+ can both bind with differing affinities to the other two. Therefore, ion binding to E2P can be treated as a series of coupled equilibria, as shown in Fig. 2 . An analogous scheme can be drawn for the El state.
In the four-state model of Fig. I , therefore, we show only the major rate-determining steps of the enzyme cycle explicitly. In our computer model (see Appendix), we only include differential rate equations for the E I, E IP(Na +h, E 2 , and E2(K+h states because we consider ion binding to El and E2P to be very rapid, such that the binding reactions to these two states relax instantaneously on the timescale of the four rate-determining steps, i.e., ion binding reactions are treated as equilibria. Thus, the four reactions whose kinetics are explicitly included in the model in sequence starting from EI are as follows: Oka et al. (22) used a similar four-state model, also assuming rapid equilibria for ion and ATP binding, to model the steady-state activity of cardiac Na+,K+-ATPase. However, the mathematical procedure used here to determine the steady-state activity is very different from that used by Oka et al. (22) , who calculated the pump current analytically by applying the King-Altman method (23) , in which the steady-state turnover of the enzyme is directly calculated from the observed rate constants of all the reaction steps. Here we used a numerical procedure (see Materials and Methods) that also allows the kinetics of transient changes in steady-state pump current to be simul ated.
In the model, we consider that each of the four rate-determining reactions only reaches its maximum observable rate constant when the reactant state is fully saturated by the appropriate substrates. For example, the maximum rate constant for phosphorylation, k" is only achieved when the enzyme is fully saturated with three Na+ ions and ATP. Although it does not explicitly appear in Fig. I , the model assumes that high-affinity binding of ATP to El is required to stimulate the reactions EI -> E IP(Na+h and EI -> E2(K+h-Low-affinity binding of ATP to the E2 state is also assumed to stimulate the reaction E2(K+h -> E t • As in the case of Na+ and K+ binding, ATP binding is also treated in the model as a rapid equi librium . This simple kinetic model excludes a number of partial reactions that experimentally are known to occur. Thus, the model does not take into account ADP-stimulated dephosphorylation of EIP(Na+)3' Pi-stimulated phosphorylation of E2, dephosphorylation of E2P in the absence of occluded K+, or conformational changes of unphosphorylated enzyme in the absence of bound ATP. However, under conditions of physiological levels of Na+, K+, and ATP in the cytoplasm and the absence of any added inorganic phosphate or ADP, these reactions are either effectively suppressed or their rate constants are negligible in comparison with those of the four major reactions shown in Fig. I . Therefore, we consider that at this stage, the extra complexity that the model would gain by including these reactions is not warranted.
In addition to differential rate equations for each of the four major enzyme states, to complete the model we included differential rate equations to describe the transient current across the membrane. Because the enzyme pumps three Na+ ions out of the cell in exchange for two K+ ions in, there is a net transport of one positive charge out. In our model , we assume that ion-binding reactions are rapid equi libria. Therefoi'e, when the enzyme is actively pumping both Na+ and K+, the release of two Na + ions to the extracellular fluid will immediately be neutralized by the uptake of two K+ ions. Similarly, in the cytoplasm, when two K+ ions are released, this will be immediately neutralized by the uptake of two Na + ions. Therefore, the rate of change of the outward current at any point in time can be described by the rate of release of one Na+ ion from the E2P state, which is given by the rate of conversion of ElP(Na+h to E2P minus the rate of the backward reaction (see Appendix, Eq. AI5). This is an important difference from our previously published kinetic model (24) , which only allows steady-state currents to be estimated from the steady-state rate of phosphate production.
A final important point regarding the construction of the model is the incorporation of voltage dependence. In patch-clamp measurements, it is possible to control the transmembrane voltage accurately. This has a significant influence on the kinetics of the charge-transporting (electrogenic) partial reactions of the enzyme. Therefore, this also needs to be included in the model. This can be done by mUltiplying the rate or equilibrium constants of all the electrogenic reactions by Boltzmann factors, i.e., exp(aFVn,lRD (see Appendix, Eqs. A9-AI4). Here F is the Faraday constant, VIII is the total transmembrane potential difference, R is the ideal gas constant, T is the absolute temperature, and a is termed a dielectric coefficient and is the fraction of the total membrane potential difference that influences the electrogenic reaction concerned. It is sometimes approximated as the fractional distance across the membrane over which an ion is transported during an electrogenic reaction (25, 26) . Because there is a net transport of one positive charge due to ion pumping, if one proceeds around the Na +,K+-ATPase cycle in the normal physiological direction, the dielectric coefficients of all of the electrogenic reactions must add up to + 1. The values of the dielectric coefficients we used in our model are based on values estimated in previous voltage-jump studies (27) (28) (29) . Values of all the rate and equilibrium constants used in the simulations, as well as the values of the dielectric coefficients, are given in Table 1 . All of the rate and equilibrium constants were derived from measurements on mammalian kidney Na+,K+-ATPase.
Simulations of the expected kinetic behavior of kidney Na+ ,K+ -ATPase
Simulations of the expected dependence of the pump current, Ip, per pump molecule on the extracellular Na+ concentration and the total transmembrane potential difference, Vm, based on the Albers-Post model and the kinetic parameters given in Table I for mammalian kidney enzyme are shown in Fig. 3 . For comparison, experimental results of Nakao and Gadsby (19) regarding the dependence of Ip for heart muscle Na + ,K+ -ATPase on both the extracellular Na+ and VITI are also reproduced. The experimental results indicate that for heart muscle Na+,K+-ATPase there is 
E2PNa·!·J +-+ E2PNa +2 + Na+ +0.65 (27, 34, 35) 
Dissociation of the last two Na+ ions + 0.37* . from E2P In comparison, the predicted behavior of kidney Na + ,K+-ATPase is different in some respects. At negative holding potentials, there is still a positive slope of the IN curve and the magnitude of the slope is still more pronounced at high extracellular Na+ concentrations, but the magnitude of the drop in pump current in going from 1.5 to 150 mM extracellular Na+ is significantly smaller. For example, at 150 mM extracellular Na+ and -120 mV, the normalized Ip drops to -0.6, whereas for the heart enzyme, I" drops experimentally to -0.2. The other difference between the experimental heart results and the simulated kidney results is that the kidney results predict a slight negative slope in the IN curve at positive potentials, which is independent of the extracellular Na+ concentration, in contrast to an apparent saturation in the pump current at positive potentials in the case of the heart results . If all of the experimental parameters used in the simulations are correct, thi s res ult indicates that heart and kidney Na +,K+-ATPases must curve for mammalian kidney Na+, K+-ATPase pump current based on the kinetic and equilibrium parameters given in Table I and the Albers-Post scheme described by Figs. I and 2. The ion concentrations. ATP concentration , and temperature used for the simu lations were the same as for the upper curve.
have some slightly different kinetic or equi librium parameters, at least with respect to at least one of the partial reactions that determines the overall pump turnover, i.e., the rate-determining steps, the steps leading into rate-determining steps, or the degree of charge displacement associated with the transport charge of these steps. (27) (28) (29) (30) (31) . A voltage-jump simulation using the kinetic and equilibrium parameters given in Table I is shown in Fig. 4 intracellular ADP or extracellular K+, the enzyme can be assumed, both before and after the voltage jump, to be distributed totally between the EIP(Na+h state and the E2P states (occupied by zero, one, two, or three Na+ ions). Before the voltage jump from -120 to 0 m V occurs, the simulation indicates that 56% of the enzyme should be in the EIP(Na+h state and 44% shou ld be in E2P states. After the voltage jump, the final distribution at the end of the voltage transient becomes 0.2% in the ElP(Na+h state and 99.8% in E2P states. This s ignificant redistribution of the enzyme from EIP(Na+h to E2P is accompanied by the release of Na+ from the specific Na+ ion binding site. Therefore, the voltage jump is associated with a rapid rise in the outward current transient as the Na+ ions are released to the extracellular fluid, and a slower decay back to zero current because movement of the enzyme around its catalytic cycle past the E2P state in the absence of extracellular K+ is inhibited (see Fig. 4 , upper panel). The decay back to zero current is exponential, with a relaxation time of 4 ms. This value is controlled predominantly by the reciprocal of the rate constant for the EIP(Na+h -> E2P transition at 0 mV of 225 S-I (see Table I ). This simulated result is in good agreement with the slowest current transient observed by Gadsby et al. (30) with a time constant of 1-10 ms, which they also attributed to the release of occluded Na+ from the enzyme as a consequence of the EIP(Na+h -> E2P transition. Gadsby et al. (30) also observed two faster but smaller-amplitude transients, which they attributed to the release from E2P of the two Na+ ions bound to the nonspecific sites, i.e., E2PNa+2 -> E2PNa+ + Na+ and E2PNa+ -> E2P + Na+. These two transients had time constants of 0.2-0.5 ms and ~28 f.-Ls. These two faster transients were not reproduced by the simulations, because the model assumes that ion binding to and release from the E2P state are rapid equilibria on the timescale of the four reactions explicitly included in the model (see Figs. I ,and 2). To reproduce these smaller rapid transients, the model would have to be extended to explicitly include the kinetics of ion binding. Thus, the model as it stands is applicable to the simulation of transients from the millisecond time range and beyond, but cannot be applied to simulations into the submillisecond range. The ability of the model to reproduce current transients arises beca~se of its basis on the numerical integration of differential rate equations. This is a significant advantage of this approach over a fully analytical one, such as that used in the model of Oka et al. (22) , which can only be used to calculate steady-state currents. The lower panel of Fig. 4 presents the results of calculations of the expected observed rate constant, kobs (i.e., the reciprocal of the time constant), of the decaying phase of the voltage-jump transient and its dependence on both the final transmembrane voltage and the extracellular Na+ concentration. Using the values given for the kidney enzyme in Table I , the value of kobs can be calculated directly from the following equation:
Voltage-jump transient simulation
where fi.3Na o ) is the fraction of enzyme in the E2P state with three Na + ions bound, and k2 and k_2 are respectively the voltage-dependent forward and backward rate constants of the E I P(Na +h -> E2P transition (see Eqs. A 10 and A I I in the Appendix) . The simulated results show a significant increase in kobs as the extracellular Na+ concentration increases and as the membrane potential becomes more negative. Both of these effects can be explained by an increase in occupation of sites on E2P by Na+ ions, which increases the value of the term fi.3Na o ) in Eq. I and hence causes kobs to increase. At positive membrane potentials, there is a smaller increase in kobs with increasing membrane potential. This effect can be explained by the relatively small voltage dependence of k2 (see Eq. A 10). Qualitatively similar behavior to that shown in Fig. 4 was experimentally observed by Holmgren et al. (29) in measurements on the Na+,K+-ATPase of squid giant axons. The only noteworthy difference between our calculations and t he experimental results of Holmgren et al. (29) is the range of kobs values. The measurements showed a saturating value of -1400 S-I at negative potentials and a minimum value of -100 S-I, whereas the calculations indicate a saturating value of -900 S-I at negative potentials and a minimum value of -200 S-I. These differences must be due to different magnitudes of the rate constants k 2 • V =o and k_ 2 • V =o for the kidney and squid enzymes.
Na+,K+-ATPase regulation
Because the Na +,K+-ATPase plays such a crucial role in animal physiology, it must adapt to changing cellular conditions and physiological stimuli (32) , and therefore its activity must be regulated. In principle, membrane proteins can be regulated by changes in the level of their expression, changes in delivery and incorporation into the membrane, or post-translational modifications to their structure that change the activity of the protein itself. Such modifications are termed acute mechani sms of regulation because they are fast-ac~ing in comparison with changes in expression level. Both phosphorylation and glutathionylation have been suggested as possible acute regulatory mechanisms. Recently, Massey et al. (33) reported that in the kidney, a differential regulatory phosphorylation of the Na + ,K+ -ATPase occurs depending on the enzyme's conformational state. Liu et al. (34) found that the /1-subunit of Na+,K+-ATPase in the heart undergoes glutathionylation, also depending on the pump's conformational state. These results suggest 'that any shift in the enzyme's distribution between different conformational states could influence its propensity toward regulatory post-translational modification. A possible physiological mechanism that could shift the enzyme's conformational distribution is an increase in the cytoplasmic Na+ concentration . This would occur transiently in nerve and muscle cells at the onset of an action potential as a normal part of their physiological activity. Sustained increases in the cytoplasmic Na+ concentration level are observed in red blood cells in certain hereditary blood conditions, i.e., spherocytosis and elliptocytosis, in which the plasma membrane has a higher than normal ion permeability. The cytoplasmic Na+ level influences the enzyme's conformational distribution because it is not saturating under normal physiological conditions for most cells, and the phosphorylation of the enzyme by ATP, which is dependent on cytoplasmic Na + binding, is a major rate-determining step of the enzyme's pump cycle (24) . The kinetic model presented here allows the time course and magnitude of any shifts in the enzyme's conformational equilibrium to be calcu lated . To demonstrate this, we simulated the time courses of the population of enzyme in the states EI, E2, EIP, and E2P after a sudden jump in the cytoplasmic Na+ concentration from a normal physiological level of 15 mM to a concentration of 150 mM (see Fig. 5) .
Overall, the simulations predict that an increase in the cytoplasmic Na + concentration should be accompanied by increases in the populations of phosphorylated states (ElP and E2P) at the expense of the population of unphosphorylated states (particularly E2). The EI state shows an initial transient increase in its population due to the shift in the ElIE2 distribution in favor of the Na+-selective EI state, which is followed by a drop in its population. At the initial cytoplasmic Na+ concentration of 15 mM, the enzyme is almost entirely in unphosphorylated states (76% in E2 and 19% in E I) . This is because at this concentration, the slowest steps of the pump cycle are the transition E2(K+h -> EI + 2K+ and the phosphorylation step EINa+3 + ATP -> EIP(Na+h + ADP. Hence, the enzyme accumulates in the states, leading into the major rate-determining steps, EINa+3 and E2(K+h However, after the cytoplasmic Na+ concentration jumps to 150 mM, the effective rate constant for the phosphorylation reaction dramatically increases because of the increase in level of saturation of the ion-binding sites on EI by cytoplasmic Na+. With the phosphorylation reaction no longer contributing so strongly to the rate determination of the cycle, the level of enzyme in the phosphorylated states increases significantly (i.e., 31 % in EIP and 14% in E2P from 0.4% and 0.2% initially). Table I .
683
The simulations shown in Figs. 4 and 5 demonstrate that the model is capable of predicting conformational distribution changes due to both voltage and concentration jumps, which could potentially be used to rationalize changes in conformationally dependent regulatory modifications to the pump.
DISCUSSION
The Na+,K+ -ATPase is an electrogenic ion pump, i.e., it carries out a net transport of charge across the plasma membrane. This is due to its stoichiometry under normal physiological conditions of three Na+ ions transported out of the cell and two K+ ions transported into the cell during each turnover. Because the Na+,K+-ATPase transports net charge across the membrane, its activity must in principle be dependent on the electrical membrane potential. However, whether or not a voltage dependence of its activity is apparent over physiologically relevant membrane potentials (i .e., --80 to +60 mY in the case of the heart) depends on how strongly the charge transporting steps influence the overall turnover of the enzyme. A significant voltage dependence of the enzyme's steady-state activity will only be apparent when either the charge-transporting steps themselves are rate-determining steps of the cycle or the chargetransporting steps influence the population of an enzyme intermediate that is a reactant leading into a rate-determining step.
The simulations presented in Fig. 3 , based on kinetic and equilibrium parameters derived from mammalian kidney enzyme, indicate that for the kidney Na+,K+-ATPase, a lower degree of voltage dependence would be expected across the membrane potential range of 0 to -120 mY from that observed experimentally for heart muscle Na+,K+-ATPase (13, 19) ' (see Fig. 3 ). This suggests some differences in the kinetic or equilibrium parameters of the heart and kidney enzymes.
However, Oka et al. (22) recently reported simulations that showed a very different result. These authors also carried out simulations based on kidney data, but they found a strong voltage dependence and extracellular Na+ concentration dependence identical to that measured in heart cells (13, 19) . The decisive difference between the simulations of Oka et al. (22) and those presented here lies in the values of the rate constants used. The major charge-transporting step of the Na+,K+-ATPase is widely accepted to be the release of the first Na+ to the extracellular medium, which is ratelimited by the EI P -> E2P transition (27, 29, 30, 35) . Increasingly negative membrane potential s would cause Na+ from the extracellular medium to rebind to the E2P state, driving the enzyme back toward the E1P(Na+h state. Whether this effect has a major influence on the overall turnover depends on the forward and backward rate constants of th e EIP -> E2P reaction . In their model, Oka et al. (22) chose values of 80 S-I and 8 S-I at 37°C (or 31 S-I and 3.1 S-I at 20°C) for the forward and backward rate constants, respectively. This makes the EIP -> E2P reaction the slowest forward reaction of their entire kinetic model, i.e., the major rate-determining step of their cycle. If the charge-transporting step of the cycle is simultaneously the major rate-determining step of the cycle, it is to be expected that under these conditions significant voltage dependence would be predicted.
However, a large body of experimental evidence from various studies indicates that the EIP -> E2P transition is not a major rate-determining step of the kidney enzyme (36) (37) (38) (39) (40) . All of these studies indicate a rate constant for the EIP -> E2P transition of ~200 S-I at 24°C. Also, for heart muscle Na +,K+ -ATPase, the E I P -> E2P transition has been shown to be a fast reaction . Lu et al. (41) estimated a rate constant for the heart enzyme in the range of 300-900 S-I. On the basis of their data, Gadsby and Nakao (13) also came to the conclusion that the major voltage-sensitive step of the heart Na+,K+-ATPase is not rate-limiting; rather, the voltage-sensitive step controls the concentration of the enzyme intermediate entering the rate-limiting step. Therefore, it would appear that the good agreement in voltage dependence and extracellular Na+ dependence between the simulations of Oka et al. (22) and the measurements of Gadsby and Nakao (13) is simply fortuitous, because the simulations were based on an artificially low rate parameter. In fact, Oka et al. (22) stated that the rate constants they used may require revision.
For mammalian kidney Na+,K+-ATPase, it is widely accepted that under saturating conditions of all substrates and no membrane potential, the major rate-determining step is the E2 -> EI transition (see Fig. I ) and its associated release of K+ to the cytoplasm (42) (43) (44) (45) . Experiments on solid supported membranes have shown that this reaction does not involve any significant charge transport (46) . This being the case, one would not expect any major voltage dependence of the activity of mammali.an kidney Na+,K+-ATPase when no electrical potential is applied across the membrane (i.e., at VIII = 0), which was the condition under which the rate constant for the E2 -> E I transi tion was determined (42) (43) (44) (45) . This is what the simu lations in Fig. 3 show. The experimental measurements on the heart enzyme (see Fig. 3 ) also show no significant voltage dependence (i.e., an approximately zero slope of the IfV curve) around o mY. This would be consistent with th e E2 -> Eltransition also being the major rate-determining step of the heart enzyme around 0 mY.
However, both the experimental heart enzyme results and, to a lesser degree, the simulations of kidney enzyme show a significant dependence of the pump current on the extracellular Na+ concentration (see Fig. 3 ). If the observed extracellular Na+ concentration dependence is not due to a rate-limiting EIP -> E2P transition or to any other ratelimiting charge-transporting step, then Gadsby and Nakao (13) must be correct in suggesting that a reaction directly following the charge-transporting step must become ratelimiting at negative potentials. The reaction immedi ately following the release of Na + from the E2P state is the occlusion of K+ from the extracellul ar medium . As far as we are aware, no direct measurements on the rate constant of this reaction for the heart enzyme have been made. For the pig kidney enzyme, the reaction is fast when the E2P state is completely saturated with K+, with a rate constant of -340 S-I at 24°C (7). However, this reaction could contribute significantly to rate limitation at negative potentials because a negative potential would promote electrogenic Na+ binding to the E2P state and shift the EIPlE2P distribution back toward the EIP(Na+h state. The consequent depletion in population of the E2PK+ 2 state would decrease the effective rate constant of K+ occlusion by E2P, leading to a possible decrease in the pump turnover.
Whether this effect does in fact cause a decrease in turnover depends on the rate constants of the individual reaction steps. For the kidney enzyme, using the parameters given in Table I , the simulations shown in Fig. 3 indicate that it does. The simulations carried out at 150 mM extracellular Na + and -120 m V yield a degree of occupation of the E2P state by two K+ ions of 0.093 . This is in comparison with a value of 0.634 at 1.5 mM Na + and -120 mY. ThUg, the higher Na+ concentration causes a dramatic decrease in the occupation of the E2P state by two K+ ions. Taking into account the voltage of -120 m V via Eq. 14, one can then calculate an apparent rate constant for K+ occlusion by the E2P state. Thus, multiplying the value of k3 at zero membrane potential of 342 s -I by 0.093 and the Boltzmann factor shows that the apparent rate constant reduces to a value of 169 S-I. This is not far above the slowest rate constant in the cycle, i.e., that for the E2 -> E I transition of 90 S-I (k 4 ) . Thus, the voltage-induced drop in occupation of E2P by K+ would be expected to make K+ occlusion by E2P a significant contributor to rate determination at negative potentials. In contrast, at 1.5 mM extracellular Na+ and -120 mY, if one does the same calculation, one arrives at an apparent rate constant for K+ occlusion by E2P of 1151 S-I. This is so far above the rate constant for the E2 -> EI transition that one would not expect any significant contribution of K+ occlusion by E2P to the rate limitation of the overall pump turnover. This accounts for the very low dependence of the pump current on voltage at low extracellu lar Na+ concentrations.
A possible explanation for the differences between the behavior of the heart enzyme and that predicted by the simulations for the kidney enzyme is that the two enzymes are composed of different isoforms. In the kidney, the major catalytic subunit of the enzyme is present predominantly as the a I isoform (20) , whereas in heart muscle both the a I and a2 isoforms are present (21, 47) . Horisberger and KharoubiHess (48) found that when the al subunit was expressed together with the (31 su bunit in Xenopus oocytes, it displayed a smaller voltage dependence at negative potentials than the a2 subunit when expressed with {31. They did not coexpress any FXYD proteins together with the a-and {3-subunits. In agreement with the results of Horisberger and KharoubiHess (48), Apell and Bersch (49) found very little voltage dependence of the activity of the al{31 form of the enzyme over the membrane potential range of -100 to 0 m V when they reconstituted it from rabbit kidney into synthetic lipid vesicles. Thus, it seems to be the case that the difference in the IIV behaviors of the heart and kidney most likely arises from intrinsic structural differences in the a-subunit and different degrees of expression of the a-isoforms in heart and kidney tissues. Horisberger and Kharoubi-Hess (48) also found that the a2 isoform of the enzyme had a slightly lower apparent affinity for K+ ions than the al isoform . This is further supported by the results of Segall et al. (50) , who reported that the a2 isoform favors more strongly the Na + -stabilized E I state over the K+ -stabili zed E2 state. On the basis of kinetic studies on a-subunit chimeras, they attributed this difference primarily to sequence differences in the N-terminal third of the a-subunit. A difference in Na+/K+ ion selectivity could be the underlying physical reason for the increased voltage dependence of the heart enzyme. A lower affinity of the E2P state for K+ ions means that Na + can more effectively compete for occupation of the nonspecific ion sites on E2P, even at less negative potentials. This helps to drive the enzyme back toward the EIP(Na+h state and simultaneously reduces the degree of occupation of E2P by two K+ ions. The consequence of this is a reduced effective rate constant for K+ occlusion by E2P and hence a reduced overall turnover of the enzyme. Apart from a decrease in K+ affinity, an increase in Na+ affinity to E2P and an increase in the rate constant for the backward rate constant, E2PNa+3 -> EIP(Na+h are also possible mechanisms by which the voltage dependence of the enzyme could be increased. Quenched-flow results obtained by Segall et al. (50) indicate that there is unlikely to be any difference in the rate constant of the forward reaction E I P(Na +h -> E2P(Na+h for the heart and kidney enzymes.
The good agreement between the predictions of the model and the experimental behavior of the al{31 enzyme gives one confidence that the model can be used to investigate the kinetics of regulation of both the kidney enzyme (as described in the Results section) and, with minor modifications, the heart enzyme. In the case of the heart enzyme, however, it would be important to bear in mind that the kinetic and equilibrium parameters used in the modeling would be apparent values, because, as described above, the expressed enzyme in th at tissue consists of a mixed popul ation of a-subunit isoforms (21, 47) .
Finally, it is interesting to consider the significance of the results shown in Fig. 3 within the physiological context of heart and kidney function. A typical extracellular Na+ concentration of a heart muscle cell is ISO mM (54) and a typical resting potential is --80 mY. However, before each contraction, the membrane potential increases 685 to +60 mV (the action potential) due to the influx of Na+ through voltage-sensitive Na+ channels. According to the results of Nakao and Gadsby (19) , shown in the upper panel of Fig. 3 , at the physiological extracellular Na+ concentration of ISO mM this increase in membrane potential alone should cause a roughly 100% increase in the pump turnover.
This would be advantageous for the cell, because it would make it easier for the Na+,K+-ATPase to pump out the excess Na+ ions that had just entered via the Na + channels during the extended plateau phase of the cardiac action potential, and thus to reestablish resting conditions before the next action potential. This voltage-dependent increase in Na+, K+-ATPase activity would further enhance the sti mulation of the enzyme already expected by the increase in intracellular Na+ concentration, which under physiological conditions is not at a saturating level. A lower activity of the heart Na+,K+-ATPase under resting conditions of -80 mV also has the advantage of conserving ATP when high ion pumping rates are not essential. In the case of kidney cell s, however, there are no changes in membrane potential associated with their activity. The membrane potential is always --80 mY. Thus, there is no advantage for a kidney cell in possessing a voltage-dependent Na+,K+-ATPase, and a kidney cell should not suffer at all by possessing a lower voltage dependence of its Na+,K+-ATPase. Therefore, the experimental and predicted results for heart and kidney Na+,K+-ATPase shown in Fig. 3 seem to make sense in terms of the physiological function of these two types of cells.
APPENDIX: SIMULATION OF THE STEADY-STATE PUMP CURRENT
Based on the four-state Albers-Post model of the Na+, K+-ATPase enzymatic cycle shown in Fig. I In these equations, the termf(3Nai) represents the fraction of enzyme in the EI state occupied by three Na+ ions. Similarly,f(ATP EJ ) represents the fraction of enzyme in the E I state occupied by ATP. The significance of these[-terms can be easily understood if we take the phosphorylation reaction as an example. The maximum rate constant for phosphorylation, kJ, is only achieved when the EI state of the enzyme is completely saturated by three Na -I-ions and one ATP molecule. Thus, the observed rate constant, k J ""·', for the reaction is given by kJ multiplied by the probability that EI has three bound Na+ ions (= f(3Na;» and by the probability that EI has a bound ATP molecule (=f(ATP El ». This simple mathematical formulation of the rates will break down at very low cytoplasmic Na+ and ATP concentrations, when second-order binding of the substrates to the enzyme becomes slower than the subsequent first-order phosphorylation and occlusion of Na+. However, under normal physiological conditions, the assumption of rapid binding equilibria, on which Eqs. AI-A4 and the four-state scheme shown in Fig. I are based, can be considered a good approximation .
Also appearing in Eqs. A I -A4 are the fraction of enzyme in the E2 state with ATP bound, f(ATP E2 ) ; the fraction of enzyme in the E2P state with three Na+ ions bound, f(3Na o ) ; the fraction of enzyme in the E2P state with two K+ ions bound,f(2K,,); and the fraction of enzyme in the EI state with two K+ ions bound,f(2K;). In a manner similar to that described for the phosphorylation reaction, these fractions or probabilities modify the observed rate constant for each relevant reaction step, as shown in Eqs. A I-A4. Because in our model we consider all of the substrate binding reactions to be equilibria, the [-terms are determined solely by the substrate concentrations and the relevant equilibrium (or dissociation) constants of each substrate. Thus,
